An autonomous coil alignment system (ACAS) using fuzzy steering control is proposed for vehicles with dynamic wireless charging. The misalignment between the power receiver coil and power transmitter coil is determined based on the voltage difference between two coils installed on the front-left/front-right of the power receiver coil and is corrected through autonomous steering using fuzzy control. The fuzzy control is chosen over other control methods for implementation in ACAS due to the nonlinear characteristic between voltage difference and lateral misalignment distance, as well as the imprecise and constantly varying voltage readings from sensors. The operational validity and feasibility of the ACAS are verified through simulation, where the vehicle equipped with ACAS is able to align with the power transmitter in the road majority of the time during operation, which also implies achieving better wireless power delivery.
Introduction
It is notable that commercialization of electric vehicles (EVs) is becoming more widespread around the world in order to reduce the serious issues related to global warming and energy depletion that are being faced today. However, the EV poses some major flaws which are its high cost and long charging times, which inevitably directs consumers to still resort towards conventional internal combustion engine (ICE) vehicles. Those major flaws are mainly caused due to the drawbacks of current battery technology. To minimize the drawbacks caused from batteries, EVs with dynamic wireless charging systems have been developed. Dynamic wireless charging system allows the vehicle to charge in real time while in motion, which also allows the reduction of the overall battery capacity in the vehicle. This provides the benefit of reducing overall vehicle cost and reduced charging times. Dynamic wireless charging systems are a part of wireless power transfer (WPT) technology, where power can be transferred from one circuit to another circuit without any physical contact or wiring. WPT technologies are being studied widely around the world as an anticipation to reduce or eliminate any physical wiring elements that restrict power supply to electric or electronic devices [1] . WPT technology has been introduced by N. Tesla in 1914, but it is not until recently that WPT technology has been applied into commercial electronic devices, biomedical products, industrial applications [1] [2] [3] [4] , and now stationary and dynamic wireless charging vehicles.
A WPT system consists of the power transmitter portion and power receiver portion. The power transmitter portion is composed of a power source and coil, where the power source is generated into an electromagnetic field as it enters through the coil. The power receiver portion, which consists of another coil, will convert the received electromagnetic field into usable energy that can power another source [5] [6] [7] .
Mathematical Problems in Engineering
For every WPT system, there is a specific alignment range between the power transmitter and power receiver in which maximum power can be transferred, and this alignment range will vary by system due to its intrinsic parameters such as resistance, inductance, and capacitance [2] . When the range goes past the specific alignment, the power transfer capacity will drop or become near zero in certain cases [7] .
In the case of dynamic wireless charging systems for road vehicles, keeping the alignment range becomes more difficult since the vehicle's lateral displacement will continuously change during motion. To achieve maximum power, the driver will have to pay careful attention in keeping the power receiver on the vehicle aligned with the power transmitter, which is installed beneath the center of each road lane. Even when it is assumed that the driver kept the vehicle aligned with the center of the road lane, it does not guarantee that the vehicle's receiver is in perfect alignment with the power transmitter, since the power transmitter is not visible (as it is installed beneath the road). In addition, keeping the vehicle aligned at the center of the road will require a lot of concentration, which can distract the driver to oncoming dangers and can lead to potential car accidents.
To resolve such misalignment issues in dynamic wireless charging systems, many researches have been conducted to increase their alignment range through efficient power receiving modules [6, [8] [9] [10] . However, in certain cases, these methods may become difficult or very costly to implement [2] . Therefore in this paper, an autonomous coil alignment system (ACAS) is proposed, which can be implemented for generally all vehicles equipped with dynamic wireless charging systems. The proposed system will detect the misalignment between the power receiver and power transmitter through sensors. When misalignment is detected, the vehicle will adjust itself through autonomous steering control in order to correct the alignment between the vehicle's power receiver and the power transmitter. Through this system, the vehicle will be able to achieve maximum power delivery with minimum driver effort. In addition, since the ACAS operates in a similar manner with the lane keeping assist system (LKAS), the ACAS will be able to keep the vehicle along the center of the road lane, thus providing more safety for the driver as well.
The paper will first describe the principles of WPT and the background research on dynamic wireless charging of vehicles. Then the motivation of the proposed ACAS and its technical operation concept is described, followed by simulation settings and tests to verify its feasibility.
Principles of the Wireless Power Transfer (WPT) System
The fundamental circuit of the wireless power transfer system is described as shown in Figure 1 . The system is comprised of two RLC circuits: the circuit on the left-side is the source coil circuit (power transmitter) and the circuit on the right side is the load coil circuit (power receiver). Figure 1 : Circuit schematic of the source circuit and load circuit in wireless power transfer (WPT).
The equation for source coil and the load coil based on Figure 1 is expressed as
In (1), each of , , and represents the resistor, capacitor, and inductor component, while or subscript of a certain component represents the source coil or load coil, respectively. represents the frequency, and 1 , 2 represent the current flowing in the source coil and the load coil, respectively, which are expressed as follows:
shown in (1) to (2) is the mutual inductance that occurs between the source coil and load coil while operating in resonant frequency. This is expressed as
In (3), is a value ranging between 0 and 1 and represents the coupling coefficient between the source coil and the load coil. When the value is near 1, it implies that the coupling between the source coil and load coil is very strong and will result in higher mutual inductance. When the value is near 0, it implies that the coupling between the source coil and load coil is very weak and will result in a lower to near nonexistent mutual inductance. In WPT, a larger value usually facilitates more effective power transfer [11] . Based on (2), the power from the source coil can be determined as follows:
Mathematical Problems in Engineering Similarly, using (2), the power from the load coil can be determined as
The equations shown from (1) to (5) are the general principle guidelines used to design a WPT system including vehicles with dynamic wireless charging systems, and the final generated power shown in (5) will power the components in the power receiving portion.
Concept on Electric Vehicles (EVs) with Dynamic Wireless Charging
The development on EVs using dynamic wireless charging has been progressing on for the past few decades, and some of the recent advancements (and commercialization) have been made such as the online electric vehicle (OLEV) [11] [12] [13] [14] [15] . It has been widely recognized and commercialization of these vehicles is currently progressing in Korea [13] . Figure 2 shows the basic principle of the EV's dynamic wireless charging system (OLEV). The power transmitter part of the system consists of the inverter and power line, where the inverter provides power to the power lines that are installed beneath the road. The power line is installed as power line segments, where the inverter will only turn on the segment where the vehicle is located in order to mitigate the inefficiency of the power supply [14] . The inverter receives 60 Hz power from the main electrical power plant and converts into a specific constant current at specific resonant frequency. In OLEV systems, the constant current ranges between 200 A to 260 A, and the resonant frequency is set at 20 kHz [11] .
The power receiving part of the system is attached on the bottom of the vehicle chassis, which consists of the pick-up coil, magnetic core, rectifier, and regulator. The magnetic core of the receiving system captures the magnetic flux from the power lines and will induce voltage along the power lines. The induced voltage is converted into DC voltage through the rectifier and then converted into the desired voltage range through the regulator. A small portion of the received power is used to drive the motor while the rest is used to charge the battery when the vehicle is in motion. When the vehicle is not in motion, all the received power is used to charge the battery. The power receiving part is installed as modules, where each power receiving module is capable of generating 20 kW of power. In case of the OLEV bus, five modules were installed in order to achieve a total of 100 kW target power [11] .
Motivation for the Coil Alignment System (ACAS)
As mentioned earlier about EVs with dynamic wireless charging, lateral misalignment between the power transmitter and the power receiver will inevitably occur, which will result in reduced power transfer and efficiency. As described earlier in the principles of WPT, as lateral misalignment increases, it will reduce the mutual inductance, , due to reduced coupling coefficient, , which will reduce the output power that can be received from the power receiver. To assess how much power is reduced due to lateral misalignment, a simulation was conducted using ANSYS Maxwell, where a model of the OLEV power line segment and pick-up coil was modeled as shown in Figure 3 , using similar dimension parameters used in [11] . The electrical parameters for the power line segment and pick-up coil are listed in Table 1 as well. The induced voltage of the model shown in Figure 3 was observed in ANSYS Maxwell while the misalignment between the power line and pick-up coil was increased from 0 m (meaning that it is at perfect alignment) to 0.6 m. The misalignment was conducted only up to 0.6 m because exceeding this value will imply that the vehicle has crossed to the other lane under the assumption that the vehicle width is 1.8 m and the width of the road lane is 3.0 m. After conducting the simulation, the resultant mutual inductance, inductance of power line and pick-up coil, and the induced voltage on the pick-up coil were implemented into Agilent Advanced Design System (ADS) program, which is an electronic design automation (EDA) simulation tool that analyzes wireless circuit systems. A similar circuit shown in Figure 1 was designed in ADS, and the power generated from the power line and pick-up coil was determined. The power determined from the power line and pick-up based on (4) and (5) was used to determine the power transfer efficiency of the WPT system. It is an important factor in rating the WPT system's performance, and it is determined as follows:
The final results were analyzed, and the generated output power from the pick-up coil as well as its efficiency at different lateral alignments is shown in Figure 4 . From the simulation results, the pick-up coil was able to receive 47.83 kW at 70.31% efficiency. But as lateral misalignment increases, the received power and efficiency got reduced significantly, where the output power was at 13.92 kW at 40.57% efficiency even with 20 cm misalignment. At 60 cm, the received power was at 0.85 kW at 4.07% efficiency. Although received power and efficiency can be improved with better pick-up coil design, the lower receiving power and efficiency are inevitable as the pick-up coil moves away from the power line. Therefore, as described in the introduction section, the driver should keep the vehicle aligned with the power lines in order to maximize the power transfer efficiency. However, keeping the vehicle aligned with the power line at all times is near impossible for the driver to conduct, especially since the power line cannot be seen. Therefore, the ACAS system is proposed, which detects the misalignment between the power line and pick-up coil and autonomously steers the vehicle in order to maximize power transfer and efficiency and also increase the overall safety and comfort for the driver.
Concept of the ACAS
For the ACAS system, the hardware requirements are the electric power steering (EPS) system and sensors. The EPS is typically equipped in modern commercialized vehicles. The sensors are inexpensive and will detect the misalignment between the pick-up coil and power line. In general, the implementation of the ACAS system is inexpensive as it requires minimum hardware modifications, and it is mainly software implementation. The overall block diagram of the ACAS is shown in Figure 5 .
There are three subsystems in the ACAS, which consist of the sensor system, misalignment conversion unit, and the steering fuzzy controller. There are two outputs from the sensor system: the output value of the difference between two sensors that are installed on the left-side and right-side of the pick-up coil and the output value of the sensor installed at the pick-up coil regulator's output. The two output values are received by the conversion unit, which will determine the lateral alignment value between the pick-up coil and power line. The alignment value is received by the steering fuzzy controller, where the necessary steering command will be sent to the EPS system of the vehicle.
Sensor System for the ACAS.
The sensor system plays a crucial role in the ACAS system, and its block diagram is shown in Figure 6 . There are three main sensor units: left-side voltage sensor unit, right-side voltage sensor unit, and the pick-up voltage sensor unit. The voltage difference between the left-side and right-side voltage sensor unit outputs is calculated by the voltage difference calculator. The calculated output and the output from the pick-up voltage sensor unit are sent to the misalignment conversion unit. The main component of the pick-up voltage sensor unit is the DC voltmeter, which will measure the voltage output from the pick-up unit regulator. The components in the leftside voltage sensor unit and the right-side voltage sensor unit are the same; it consists of the coil, rectifier, regulator, and voltmeter. The coils described as left-side coil and right-side coil are smaller coils that are wrapped around the pick-up coil, as shown in Figure 7 . The two coils are wrapped around the front side of the pick-up coil while keeping enough separation gap between them.
The two coils can also be installed at the rear side of the pick-up coil, but they must be installed along the front or the rear of the pick-up coil because of the magnetic flow direction between the power-line and pick-up coil apparent in the simulation results shown in Figure 8 . The number of turns and the coil length of the left-side coil and the right-side coil should be kept at minimum, just enough to induce a voltage that can be read by the voltmeter. With bigger turns and bigger length of the two coils, it can disrupt the magnetic flow between the power line and pickup coil, thus reducing the power transfer efficiency. In this paper, the two coils have been designed to have lengths of 7 cm with 25 turns, which were just enough to induce voltage within 2.5 V while not affecting the power transfer between the power line and pick-up coil. While using the model shown in Figure 3 as a basis, the two coils with the mentioned parameters were implemented and simulation was conducted. The simulation results are shown in Figure 9 .
Based on the results shown in Figure 9 (a) through Figure 9 (d), it shows how the voltage of the left-side coil and right-side coil varies as alignment is increased from 0 cm to 60 cm. However, the output voltage is in AC, where the difference between the two coils cannot be easily identified. Therefore, the two output waveforms are rectified and regulated into DC voltage, which can be read by the DC voltmeter. The resultant DC voltage output is then sent into the voltage difference calculator, where it is calculated as follows:
, are the DC voltage readings from the left-side coil voltage sensor unit and right-side coil sensor unit, respectively. The resultant voltage difference between the two coils relative to its alignment is shown in Figure 10 . However, based on the results shown in Figure 10 , the nonlinear relationship between lateral misalignment and voltage difference can be observed, where the voltage difference reading can imply left or right misalignment simultaneously. This makes it difficult to determine the exact lateral misalignment location. Therefore, the voltage reading of the pick-up coil is needed in order to determine the exact lateral misalignment location, which is implemented as input for the misalignment conversion unit.
Misalignment Conversion Unit for the ACAS.
The misalignment conversion unit shown in Figure 11 will change the nonlinear characteristic between the left-coil/right-coil voltage difference and the lateral misalignment into a more linear characteristic. It consists of the region selector unit, which divides the voltage difference readings into several regions. Each region consists of a model that has the linear relationship between the voltage difference of the left-coil and right-coil voltage sensor unit, which can be mathematically expressed as follows:
refers to the slope of the specific linear region which is identified as , , or and can go up to regions depending on how many linear regions can be sectioned from the nonlinear voltage difference/lateral misalignment relationship. max( ) , min( ) , max( ) , and min( ) refer to the maximum and minimum lateral alignment distance and voltage difference of a specific region, respectively. The corresponding specific region model is selected by the region selector switch when it meets the specific criteria as follows:
Mathematical Problems in Engineering of the corresponding region will be selected depending on the voltage threshold 1 , voltage difference , and the measured voltage from the pick-up voltage sensor unit . In this paper, the number of regions is limited to region , region , and region as shown in Figure 12 . The upper graph in the figure is the same graph shown in Figure 10 , and it can be seen that each region consists of a linear relationship characteristic between the voltage difference and the lateral misalignment.
The misalignment range for region is roughly between ±17 cm, while regions and range between −60 cm and −18 cm and between 60 cm to 18 cm, respectively. If assuming that region is selected by the region selector unit, it means that is greater than the voltage threshold 1 . If is lower than 1 , the region selector unit will either select region or region . As shown in the lower graph of Figure 12 , 1 is approximately 175 volts, which will toggle from region to region or region s at ±17 cm.
The region selector will determine whether to select region or region based on the previous and current output values of and . As shown in (9) , there are two identical conditions that can meet the criteria for each region. If assuming that region is selected by the region selector unit, it could either mean that the previous value of and is greater or less than its current and values. This implies that the pick-up coil is moving either away or towards the power line in region , and the condition that is moving towards the power line is always selected. The final selected value from the region selector unit will be converted into estimated lateral displacement location with the given voltage difference input in the voltage → misalignment converter as shown in
To validate the feasibility of the misalignment conversion unit, a simulation model was designed in SIMULINK that replicates the equations shown in (8) to (10) . The simulation begins with misalignment between the power line and the pick-up coil at −60 cm and progresses up until it reaches misalignment of 60 cm. The simulation results are shown in Figure 13 . The dashed line is the desired lateral alignment value versus time, and the bold line is the actual converted misalignment value by the misalignment conversion unit. Based on the results, it can be seen that at 0 to 17 sec and 22 to 40 sec range, the converted misalignment value has some discrepancies with the desired misalignment value, where the maximum error recorded was around 5 cm. However, this is not of great significance as the fuzzy steering controller can compensate for the discrepancies and still achieve high performance to correct detected misalignment.
Steering Fuzzy Controller for the ACAS.
The final subsystem of the ACAS system is the steering fuzzy controller system as shown in Figure 14 . Fuzzy control has been used to control the vehicle's steering based on the misalignment reference given by the misalignment conversion unit. Fuzzy control has been used in various applications, such as energy management for hybrid vehicles, parking finding services, vehicle dynamics control, and many other applications [16] [17] [18] [19] . This control has also been applied to lane keeping assist systems (LKAS), which has similar resemblances to the fuzzy control specific for the ACAS [20, 21] . In addition, based on the reasons described in [18] , fuzzy control method was specifically used for the ACAS application due to the nonlinear characteristics and the imprecise varying variables shown in Figures 12 and 13 , respectively. The received misalignment input is sent into the fuzzification unit, where it is converted into two fuzzy inputs: misalignment and misalignment rate. Converting into a "fuzzy" value means that a "crisp" value, a value that is identified either as TRUE or FALSE, is converted into a value that can be both TRUE and FALSE. The values received as input are converted into a specific membership function (MF). Each MF is a set that contains a certain range of values. To convert into a "fuzzy" value, a triangular MF is used, and it is mathematically expressed as follows:
1 to 3 represent the coordinates for the triangular MF, where 1 , 2 , and 3 represent the left vertex, center vertex, and right vertex of the triangle, respectively. is the value received as an input from the fuzzy logic system before it goes through the "fuzzification" unit. However, there are certain situations where the input value is desired more as a "crisp" value than a "fuzzy" value. In this case, a trapezoidal MF is used, which is mathematically expressed as follows: In Figure 15 (a), five MFs are defined: NEG (negative), SN (small negative), OKAY, SP (small positive), and POS (positive). Each MF has a specific misalignment range, while the overall set ranges between −1.5 m and 1.5 m, which is the maximum left or right position of one lane, respectively. The SN, OKAY, and SP MFs are put closer together with each other, while the NEG MF and the POS MF are put further away. This is to allow more sensitivity in control within the −1.1 m to 1.1 m range. However, with increased sensitivity, this may increase the oscillation of the system. To avoid this, another fuzzy input, which is the misalignment error rate, is implemented as shown in Figure 15 The fuzzy output block is shown in Figure 16 , which will send the final "crisp" value command to the EPS unit of the vehicle. 5 MFs are defined: L (left), SL (small left), NC (no change), SR (small right), and R (right). The MFs range from −0.9 to 0.9, which is the percentage of steering angle. Although it is designed to have maximum steering command, the steering output will not go more than ±10 degrees due to the given design constraints of the two fuzzy inputs and the rule base. This is an ideal case for the vehicle because it will prevent any extreme steering situations, which is highly dangerous during high speed operations.
Rule Base for the Fuzzy Controller
(1) If "misalignment" is OKAY than "steering" is NC.
(2) If "misalignment" is POS then "steering" is R.
(3) If "misalignment" is SP then "steering" is SR.
(4) If "misalignment" is SN then "steering" is SL.
(5) If "misalignment" is NEG then "steering" is L.
(6) If "misalignment" is OKAY and "rate" is POS then "steering" is SL.
(7) If "misalignment" is OKAY and "rate" is NEG then "steering" is SR.
The rule base shown in the above list is what defines the boundaries of the fuzzy logic controller. It determines the degree of membership of each MF of its fuzzy input sets through the decision-making unit. The degree of membership on both -axes of the two fuzzy inputs will define how close the relationship is between each MF of its fuzzy set and the rule base. If degree of membership is closer to 1, it means that the relationship is strong, while 0 states the opposite. For example, if looking at the first rule set, it is defined that "misalignment" is OKAY. If the vehicle was positioned at the 0 cm mark, this would mean that the OKAY MF at the misalignment fuzzy input set will have a "1" degree of membership. This degree of membership ranging from 0 to 1 is used to determine the "cut-line" for the output fuzzy set. For example, if the degree of membership was at 0.7, this would mean that the corresponding fuzzy output set will have a "cut-line" at 0.7, where all area above the 0.7 threshold is ignored. From here, the final "crisp" steering output ratio, , will be determined in the defuzzification unit using the Center of Gravity (COG) method as shown in (13) . The COG finds the center of area which is all output MFs that are located within the corresponding fuzzy output set with the "cut-line," , within the intervals of and . and are the corresponding -axis limits of the fuzzy output set: To evaluate the response of the steering fuzzy controller, as well as its ability to keep the vehicle within the power line, a simulation was conducted using SIMULINK and CarSim. To conduct the simulation, a road model similar to the diagram as shown in Figure 17 was designed, where the three power line segments of 300 m length were installed 20 m apart in a 1000 m road lane. The first power line segment was installed at the center of the road, and the second and third power line segments were deviated 0.3 m and 0.1 m from the center of lane, respectively. The vehicle model with the ACAS fuzzy steering controller was also designed as well. The vehicle model name and its parameters used in SIMULINK/CarSim simulation are shown in Table 2 . The fuzzy steering controller was tested at four different speeds from 80 km/h up to 140 km/h in 20 km/h increments. This was to observe how well the ACAS fuzzy steering controller maintains its performance as the vehicle's speed was increased. Figure 18 shows the results of the simulation, where Figure 18 (a) shows the lateral versus longitudinal displacement of the vehicle during the simulation. The thickest dash line is the desired position, which is the location of the three power lines. The other lines show the lateral versus longitudinal displacement of the vehicle at 80 km/h, 100 km/h, 120 km/h, and 140 km/h. Based on the result, the fuzzy steering controller was able to maintain its position near the desired lateral alignment position, even with increasing speeds. of the steering remained for a longer duration of the time. However, the remaining oscillation of the steering angle was very small, which was less than 1 degree. In addition, as illustrated in Figure 18 (b), the maximum steering angle was at 6 degrees for all four vehicle speeds. This states that the vehicle's dynamic was still stable enough or the vehicle would not have been able to maintain its desired path as shown in the results in Figure 18 (a). Figure 18(c) shows the lateral displacement error between the desired and actual lateral position. Even with small steering angles, the vehicle was able to position its correct lateral position within 3 to 5 seconds once a significant lateral alignment error was detected, even at higher speeds. Overall, the results shown in Figure 18 validate the performance of the steering fuzzy controller.
Comparison Analysis
The operational validity of each subsystem in the ACAS, the sensor system, misalignment conversion unit, and the steering fuzzy controller have been validated through simulation and show that each subsystem has performed as expected.
To view the feasibility of the overall ACAS system, the mitigation of power transfer loss due to misalignment was evaluated. To do so, another simulation was performed using SIMULINK and CarSim. Two vehicles, one vehicle with the ACAS controller and another vehicle without the ACAS controller, were operated on the same road shown in Figure 17 . The first vehicle model is identical to the vehicle model used to test the steering fuzzy controller performance. The second vehicle is without the fuzzy controller model; it will only try to maintain the vehicle at the center of the road lane. This simulates a similar situation where the driver will operate the vehicle's steering to maintain the vehicle at the center of the road lane as the driver assumes that the power line is at the center of the road. Figure 19 shows the results of the simulation, where Figure 19 (a) shows the amount of power being transferred to the pick-up coil in the vehicle. At 0 cm misalignment position, the two vehicles receive maximum power at 47.83 kW based on the analysis conducted in Figure 4 . However, as the vehicles pass towards power lines 2 and 3, only the vehicle with the ACAS was able to retain most of the maximum power delivery, while the vehicle without ACAS could only Figure 19(b) shows the accumulated energy from the transferred power during the simulation time. As shown in the graph, the vehicle with the ACAS was able to accumulate about 578 Wh of energy at the end of the simulation, which is approximately 97% of the total maximum energy at 596 Wh. This maximum energy could have been accumulated only if the vehicle was at perfect alignment with the power line at all times. In case of the vehicle without the ACAS, the vehicle was only able to accumulate 311 Wh of energy at the end of the simulation, which is approximately 52% of the maximum energy that could be accumulated.
Conclusion
In this paper, an autonomous coil alignment system (ACAS) for vehicles with dynamic wireless charging is proposed. This system can detect lateral misalignment through three voltage sensors installed near the pick-up coil of the vehicle, and the nonlinear relationship between the voltage difference and misalignment position is converted into a more linear characteristic through the misalignment conversion unit. The lateral misalignment output from the misalignment conversion unit is received by the steering fuzzy controller, where the steering command is given to the electric power steering (EPS) system to control the vehicle's lateral position. The performance and operational feasibility of each subsystem have been verified through various simulations. In the comparison analysis, it shows that the vehicle equipped with ACAS improves the wireless power transfer efficiency, allowing the vehicle to receive maximum power 97% of the time. With improved pick-up coil designs in electric vehicles with dynamic wireless charging, combination of the ACAS system will certainly provide significant benefits as it will be able to retain near maximum power transfer capacity during operation, thus improving the overall power transfer efficiency for the vehicle.
